Abstract: We aimed to investigate the performance of fluorescencebased methods (FBMs), compared to visual inspection after histological validation, in detecting and assessing the activity status of occlusal carious lesions in primary teeth. One examiner evaluated 50 primary molars close to exfoliation in 24 children. Teeth were assessed using quantitative light-induced fluorescence (QLF) and pen-type laser fluorescence (LFpen). After exfoliation, histological validation was performed. Teeth were cut and sections were evaluated for lesion depth and activity status (after utilization of a pH indicator) under a stereomicroscope. Parameters related to the performance of the methods in detecting caries lesions at two thresholds (initial and dentin lesions) were calculated. Regarding the activity status, lesions were classified into sound+inactive or active, and the area under the ROC curve and the diagnostic odds ratio values of the methods were calculated and compared. Evaluation of red fluorescence using QLF presented higher sensitivity but lower specificity than visual inspection in detecting dentin caries lesions. However, QLF considering different parameters and LFpen had similar performance to that obtained with visual inspection. Regarding activity assessment, all FBMs and visual inspection also presented similar performance. In conclusion, FBMs did not prove advantageous for the detection and activity assessment of occlusal caries lesions in primary molars when compared to visual inspection.
Introduction
Although visual inspection is the most widely used method for the detection and activity assessment of caries lesions, 1, 2 it is subjective 3 and it could be influenced by the examiners' experience. 4 An attempt to overcome these limitations is the creation of detailed visual indices, such as the International Caries Detection and Assessment System (ICDAS). 5 Actually, the use of detailed and validated indices improves the performance of visual inspection for the detection of carious lesions. 2 Another advantage of visual inspection is that it permits the evaluation of activity status of carious lesions through validated additional criteria. 6 However, even when well-described criteria are used, the method is examiner-dependent.
Laura Regina Antunes PONTES (a) Tatiane Fernandes NOVAES (b) Bruna Lorena Pereira MORO (a) Mariana Minatel BRAGA (a) Fausto Medeiros MENDES (a) Therefore, objective and quantitative tools, such as fluorescence-based methods (FBMs), have been increasingly researched for these purposes. 3, 7, 8 One of these FBMs is diode laser fluorescence (LF), the first method launched in the market to detect occlusal carious lesions. 7, 9 After that, a pen-type laser fluorescence (LFpen) device was introduced for the detection of carious lesions on both occlusal and approximal surfaces. 8 This device is based on a diode laser emitting a red light with a wavelength of approximately 655 nm, at which the dental tissue emits fluorescence, indicated on a numerical scale from 0 to 99. Higher values indicate more severe carious lesions. 9 Even though these methods have been good at detecting occlusal and approximal caries lesions, 8 they have not outperformed visual inspection. 8 10 Another FBM is quantitative light-induced fluorescence (QLF), in which a blue light is emitted, capturing the back-scattered fluorescence in the green and red spectra.
11 Loss of green fluorescence is observed in initial enamel carious lesions, and the QLF device translates this fluorescence into a quantitative value. Therefore, this method is appropriate for detecting the early signs of carious lesions and for monitoring the arrestment of these lesions after non-operative treatments, mainly on free smooth surfaces. 3, 8 However, studies to investigate the accuracy of QLF in detecting occlusal carious lesions have been unsatisfactory for permanent teeth, 12, 13 and no previous studies were conducted with primary teeth. Moreover, the accuracy of QLF in detecting occlusal caries lesions using histological evaluation has not been investigated as reference standard.
Furthermore, QLF is capable of detecting red fluorescence emitted by caries lesions, which is probably related to bacterial metabolic by-products. 14, 15 Thus, assessment of red fluorescence could be an adjunctive method for caries activity assessment, since active lesions are more infected than inactive ones.
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To the best of our knowledge, however, no previous study was carried out to evaluate the accuracy of QLF in detecting occlusal caries lesions, nor for the assessment of caries activity status in primary teeth.
Therefore, the objective of this clinical study with histological validation of the whole sample was to evaluate the accuracy of QLF and other methods in detecting severity and assessing the activity status of occlusal carious lesions in primary teeth, comparing FBMs with the visual inspection performed with ICDAS. The working hypothesis is that some of these FBMs are better at detecting the severity or assessing the activity status of caries lesions than visual inspection.
Methodology Ethical concerns and sampling
The present study was approved by the local Research Ethics Committee (process number 203/2008). Guardians of the children who participated in the study signed an informed consent form prior to the study. This study used a sample from another recently published study. 18 Children participating in this previous study who had at least one primary molar close to exfoliation were selected to participate in the present study.
For the first study, 18 children who sought dental treatment in our dental school were randomly selected and invited to participate in the study through enrolment forms with no details on their oral health status. In the first study, 113 children aged 4 to 14 years were examined. 18 Children who verbally agreed to their participation and whose parents signed the consent form were screened to check whether they had at least one primary molar close to exfoliation. Moreover, those eligible primary molars should not have enamel defects, restorations, sealants, or frankly cavitated lesions. Then, one suspect site (non-evident caries lesions) of each tooth included was chosen and marked on a drawing to indicate further evaluations. Therefore, we included apparently sound occlusal surfaces, surfaces with probable non-cavitated caries lesions, or microcavitated lesions, which were non-obvious in the first evaluation. This choice was made by an independent examiner who did not participate in the subsequent assessments (LRAP). More than one tooth per children could be selected.
Clinical examination
Prior to the examinations, the participants were positioned in a dental unit under operating light and subjected to cleaning procedures using a rotating bristle brush and water. No prophylactic pastes were used to avoid possible influence on measurements made by FBMs. Then, one trained examiner (TFN) carried out all examinations using the different methods.
The teeth were first assessed through visual inspection. The examination was performed in cleaned teeth, under illumination, with the aid of plane mouth mirrors and WHO periodontal probes. The drawing with the suspect site was shown to the examiner to guide the evaluation. The teeth were examined wet and were then dried for 5 s using a 3-in-1 syringe. The examiner evaluated the pre-selected site for the presence of lesions using the ICDAS.
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For activity assessment, the criteria described in the reference manual of the ICDAS, 19 which is based on a previously described and validated system, 20, 21 were used. The examiner was instructed to classify the site according to the ICDAS scores, and in the presence of any type of carious lesion (scores from 1 to 6), the lesion was classified as active or inactive. The ICDAS and additional criteria used for activity assessment are described in Table 1 .
Fluorescence-based methods
After the visual inspection, the LFpen method was used. This method was carried out using the DIAGNOdent pen (Kavo, Biberach, Germany), according to the manufacturer's instructions. Tip 2, appropriate for occlusal surfaces, was used. The device was first calibrated using the ceramic standard provided by the manufacturer, and also on a sound smooth surface of the tooth under evaluation. This value was electronically subtracted from those obtained from the examined site. After drying the tooth for 3 s with a 3-in-1 syringe, the tip was placed vertically and then rotated around the vertical axis. The examiner made two assessments on each suspicious site and recorded the mean value.
After that, the same examiner performed the evaluations with another FBM. The assessments were made with the QLF device (QLF Inspektor Pro; Inspektor Research Systems, Amsterdam, Netherlands), and the images were analyzed using a software program (Inspektor Pro Software, Inspektor Research Systems, Amsterdam, Netherlands). The images were taken from the entire occlusal surface after drying with cotton pellets. Then, the marked area corresponding to the suspect site was manually selected and the images were assessed by the software. A sound region of the surface was defined as reference for the measurements. We recorded three different parameters provided by the QLF system: a. Red fluorescence of the lesion (∆R%): percentage of ratio of red fluorescence compared with ratio of sound tissue; b. Green fluorescence of the lesion (∆F%):
percentage of green fluorescence loss on the suspicious site compared with green fluorescence from sound tooth tissue; Localized enamel breakdown in opaque or discoloured enamel (without visual signs of dentinal involvement) 4 Underlying dark shadow from dentine Probably active -
5
Distinct cavity with visible dentin Cavity feels soft or leathery on gently probing the dentine.
Cavity may be shiny and feels hard on gently probing the dentine.
6
Extensive distinct cavity with visible dentine (involving more than half of the surface) c. Green fluorescence loss integrated over the lesion area (∆Q%.mm 2 ): percentage of green fluorescence loss in the lesion integrated over the lesion area.
Reference standard
Subsequently, teeth exfoliated or they were extracted (for orthodontic purposes) within 3 weeks after the end of the clinical recordings. The teeth were then stored at -20°C for up to 1 month. 22 Thereafter, the teeth were sectioned from the sites marked on the drawing using a 0.3-mm-thick diamond saw mounted in a cutting machine (Isomet 5000 Linear Precision Saw, Buehler, Lake Bluff, USA). The histological evaluation after sectioning was the reference standard of the present study. After that, the sections were first evaluated under a stereomicroscope at X8-20 magnification and reflected light (Leica DM 750, Leica Microsystems, Heidelberg, Germany). Immediately afterwards, two different examiners (LRAP and FMM), unaware of the results obtained with the methods, evaluated the sections for lesion depth. The lesions were classified according to a 5-point scale: D0 = no caries lesions, D1 = caries lesion limited to the outer half of the enamel, D2 = caries lesion reaching the inner half of the enamel; D3 = outer half dentin caries lesion and, D4 = dentin caries lesion reaching the inner half of the dentin.
Immediately thereafter, a 0.1% methyl red solution (Aldrich, Milwaukee, USA) was dripped onto the sections. After 1 min, the excess dye was removed with a filter paper and the sections were evaluated as described previously. The examiners then classified the lesions into inactive, when the sections were stained yellow, or active, when the lesions appeared red or reddish. 22, 23 After some training using images from other studies, the examiners performed the evaluations independently, and in case of disagreements, a consensus was reached after a discussion between them.
Statistical analysis
Regarding histological examinations, interexaminer reproducibility before the consensus between the examiners was evaluated using weighted kappa for both lesion depth and activity assessment.
As to lesion depth, receiver operating characteristics (ROC) analyses were carried out to evaluate the validity of the FBMs for detecting carious lesions at two different thresholds: all lesions (D0 = sound vs. D1, D2, D3 and D4 = carious), and dentin carious lesions (D0, D1 and D2 = sound vs. D3 and D4 = carious). The best cutoff points were determined (highest sum of specificity and sensitivity rates) for each method at both thresholds, as well as the areas under the ROC curves (Az).
With these cutoff points, sensitivity, specificity, and accuracy (percentage of right diagnosis, considering sound and carious surfaces) were calculated at both thresholds. The same parameters were also calculated for visual inspection considering lesions higher than ICDAS score 0 as cutoff point at all lesion thresholds and higher than score 2 for the dentin lesion threshold. The values obtained for each method were compared by McNemar's test.
With regard to activity assessment, the performance of FBMs was calculated in terms of diagnostic odds ratio (DOR) using logistic regression and Az values, considering the values obtained for each method. By using the best cutoff point calculated in the ROC analysis, results were dichotomized into sound + inactive vs. active, and DOR and accuracy were calculated. The cluster nature of the data (more than 1 tooth per child) was taken into account. The level of significance was set at 5%, and MedCalc 13.1.2.0 (MedCalc software bvba, Ostend, Belgium) and Stata 13.0 (StataCorp LP, College Station, USA) were used for the analyses.
Results
Our sample included 50 occlusal primary teeth from 24 children (12 male and 12 female) aged 8 to 12 years (mean = 10.2; standard deviation = 1.1 years).
From the 50 teeth, histological examination revealed that only four teeth were sound (D0). The distribution of the caries lesions in terms of lesion depth is shown in Table 2 . As to the reproducibility of the histological depth evaluation obtained before the consensus, the weighted kappa value was 0.915 (95% confidence interval -95%CI = 0.824 to 1.000). From 46 teeth with lesions, 16 with enamel lesions and 9 with dentin caries lesions were classified as active after the utilization of methyl red (a total of 25 active carious lesions) and 20 enamel lesions and 1 dentin carious lesion were classified as inactive (21 inactive caries lesions). Interexaminer reliability in assessing the activity status after the use of the dye yielded a weighted kappa of 0.800 (95%CI = 0.634 to 0.966).
Regarding the presence of caries lesions, at D1 threshold, visual inspection presented higher sensitivity, but with no statistically significant differences compared with the sensitivities obtained with LFpen and QLF considering ∆R and ∆Q. The ∆F obtained with QLF presented statistically significant lower sensitivity (Table 3) . Both specificity and Az yielded similar results. However, regarding accuracy, visual inspection showed statistically significant and higher values than the ∆R and ∆F obtained with QLF (Table 3) .
At the dentin threshold, although visual inspection and LFpen methods presented lower values, there were no statistically significant differences among the methods. On the other hand, specificity was significantly different from that obtained with QLF considering ∆F. The other parameters obtained with QLF (∆R and ∆Q) and LFpen presented intermediate specificity values, with no statistical differences ( Table 3) . Concerning accuracy and Az, all methods showed similar values (Table 3) .
When we compared the methods regarding caries activity assessment, there were no statistically significant differences among them. In the analyses made considering the values obtained with FBMs (quantitative variables), Az values ranged from 0.67 to 0.77 (Table 4) . When we dichotomized the variables considering the best cutoff points calculated through ROC analysis, accuracy was around 0.72 for all methods. DOR ranged from 6.43 (obtained with QLF, ∆F) to 12.74 (with LFpen). However, there were no significant differences since the 95%CI values overlapped (Table 4) . Table 3 . Performance of methods for detecting occlusal caries lesions at different thresholds regarding the lesion depth. 
Discussion
Caries diagnosis involves detection and activity assessment of caries lesions in order to choose the best treatment for the patients. 20, 21 This process is usually performed by visual inspection, 3 which is the only validated method to assess caries activity 6, 21,24 with high specificity for the detection of caries lesions. 2 However, due to its subjective nature, quantitative methods have been suggested as possible alternatives. 3, 8 This study evaluated different FBMs for detecting and assessing the activity status of carious lesions in primary molars. This is the first study to investigate these methods, with later validation of all samples after exfoliation of primary teeth.
QLF has been extensively studied for quantification of small mineral changes after utilization of non-operative treatments in initial carious lesions, mainly in smooth surface caries. 3, 8, 14 Nevertheless, the use of QLF for detecting occlusal carious lesions has not presented promising results in permanent teeth. 12, 13 With regard to the utilization of QLF for detecting initial lesions in primary teeth in our study, lower or similar sensitivity and accuracy values than those obtained with visual inspection were obtained with the different fluorescence parameters evaluated. Concerning specificity and Az, the values were similar among all methods.
As far as the accuracy in detecting dentin caries lesions is concerned, red fluorescence of the lesion assessed through QLF presented higher sensitivity than did visual inspection. Specificity, on the other hand, was lower than in visual inspection. Green fluorescence parameters presented similar values to those obtained with visual inspection. Although red fluorescence showed high sensitivity, other parameters, such as accuracy and Az, were higher in visual inspection. These findings observed for initial and dentin caries lesions corroborate the poor performance obtained with QLF for occlusal carious lesions in permanent teeth, as pointed out in previous studies. 12, 13 LFpen yielded similar results to those of visual inspection for initial lesions, but lower specificity for dentin caries lesions. We also observed great differences compared to the values obtained with red fluorescence in QLF. Although both methods are supposed to measure red fluorescence emitted by bacterial by-products, differences between the methods could explain these discrepancies. In LFpen, a diode laser emits a red light (λ = 655 nm) through a sapphire tip, and the same tip collects the fluorescence emitted by the lesion. This fluorescence is indicated on a numerical scale from 0 to 99. Higher values indicate more severe caries lesions. 3, 8, 25, 26 On the other hand, QLF is an intraoral camera that uses a high-intensity halogen lamp that emits a blue light (λ = 405 nm) for excitation of the tooth. Then, the camera captures the fluorescence coming from the tooth (green fluorescence) and from bacterial metabolites (red fluorescence). A software program detects an increase of red fluorescence in the lesions and compares it with the red fluorescence emitted by a sound area of the same tooth. This difference between carious and sound sites are presented as percentage of increase of red fluorescence. 3, 8, 11, 14 Therefore, these differences between the two devices can explain the different performance observed in our study.
A limitation of our study is the small sample size, considering some parameters (for instance, specificity at all lesion thresholds and sensitivity at the dentin carious lesion threshold). This is so because it is difficult to obtain teeth close to exfoliation and also because the present study was nested in a study with a much larger sample. 18 From 125 children and 606 teeth evaluated in the first study, 18 we found 50 molars close to exfoliation that could be used in the present study.
However, some interesting findings can be seen in the present study. Sensitivity and specificity values obtained in the present study might be used in simulations, considering the prevalence obtained in studies with random or consecutive inclusion of participants. For instance, the improvement in sensitivity obtained with the red fluorescence parameter in QLF was 33% and the decrease in specificity amounted to 13% compared to visual inspection. So, every 2.5 lesions correctly detected was followed by one sound surface incorrectly classified by QLF. However, if we consider a more realistic prevalence of non-evident occlusal caries lesions in the dentin, for example, 5.2%, as obtained in an earlier study, 10 one lesion detected by QLF corresponds to around seven sound surfaces classified as carious compared to visual inspection. Therefore, even if we consider the higher sensitivity obtained with some parameters assessed by the FBMs for detection of dentin carious lesions, this is not an advantage considering the low prevalence of these lesions in the current scenario of low caries prevalence. 10 Another possible application of the FBMs investigated in our study is the possibility to evaluate the activity status of the lesions. Although the ICDAS criteria used in the present study presented predictive and construct validity when employed in primary 6 and permanent 27 teeth, a quantitative method could be useful for improving the reliability of this evaluation. Moreover, an objective method could be less influenced by examiner's experience than would visual inspection. 4 Considering that LFpen and QLF (red fluorescence measurement) are methods based on the fluorescence emitted by microorganisms present in the caries lesions, 9, 11, 15 and since active caries lesions are more infected than inactive ones, 16 this possibility would be plausible. The old version of the LF method used with different drying times had been tested for this purpose previously, 28 but this methodology was not compared with visual inspection.
In our study, however, regardless of the parameter compared (Az or DOR), the performance obtained with the FBMs did not present significant differences compared with that obtained with visual inspection. In a previous study, 18 we observed that the red fluorescence measured by QLF was associated with the activity status evaluated by visual inspection (reference standard). However, other clinical parameters, such as the presence of visible biofilm, also had an association. On the other hand, a longitudinal retrospective study observed that the quantification of red fluorescence made by QLF could be useful in detecting lesions more prone to progress.
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The differences between our research and the previous study can be due to the different experimental designs. Our study evaluated criterion validity using a pH dye indicator, as in other studies published previously. 22, 23, 28 Conversely, the other study retrospectively evaluated the progression of the lesions with higher red fluorescence using QLF; hence, the predictive validity of the method was assessed. 16 This latter study 16 actually has a superior design to evaluate the validity of methods for caries activity assessment. 21 Nevertheless, as it is retrospective, 16 and considering the fact that the caries activity assessment made by visual inspection also presented predictive validity using the same participants, 24 visual inspection remains as a validated method for assessing the activity status of caries lesions that is easier to use and less expensive. Therefore, it should be indicated as the method for carious lesions activity assessment in daily clinical practice.
Conclusions
As FBMs did not present significant differences when compared to visual inspection, our hypothesis was not confirmed. Therefore, we can conclude that the FBMs do not present advantages over visual inspection for detecting and assessing the activity status of occlusal carious lesions in primary molars.
